In the gypsy moth, the release of sperm bundles from the testis into the vas deferens is rhythmic and is controlled by a circadian pacemaker located in the reproductive system. However, in males kept since pupation in constant darkness (DD) and temperature, the release of sperm was arrhythmic. The release of sperm became rhythmic when males were transferred from a light-dark cycle (LD 16:8) to DD 6-7 days after pupation. To further investigate the development of the circadian system during the pupal stage, we exposed DD pupae to a single 8-hr pulse of light or 8-hr pulse of a 4&deg;C temperature increase on different days after pupation. The pattern of sperm release was determined 5-6 days after the pulse. Males that were exposed to light or temperature pulses 5 days after pupation subsequently showed nonrhythmic sperm release. However, about half of the pupae that received the pulse on day 6 and most of the pupae that received it on day 7 subsequently showed synchronized sperm release. These results suggested that the clock underlying rhythmic release of sperm becomes operational at approximately 6 days after pupation&mdash;that is, 2 days prior to initiation of rhythmic sperm release from the testis.
Circadian systems are most often investigated in their fully developed state, when the three main components-photoreceptor, pacemaker, and driven rhythms-are fully operational. However, the structural elements of circadian pacemakers may be revealed by studying them as they are being assembled during the course of development. Developmental studies of pacemakers reveal that they begin to operate at late embryonic or early postembryonic stages in both mammals and insects. In mammals, the circadian pacemaker that will control the hamster activity rhythm after weaning can be entrained before birth by maternal signals, indicating that it is already functional in the fetus (Davis and Gorski, 1986) . The rat suprachiasmatic nucleus, which governs the circadian oscillations that drive rhythms in postnatal life, already shows rhythms of metabolic activity at the fetal stage (Deguchi, 1975; Reppert and Schwartz, 1984 ; for a review, see Reppert et al., 1989) .
Differentiation of a circadian system in insects also occurs early in development. The circadian oscillator controlling hatching in the moth Pectinophora gossypiella (Minis and Pittendrigh, 1968) and the cricket Gryllus bimaculatus (Tomioka et al., 1991 ) becomes functional sometime after the midpoint of embryogenesis. In Drosophila (Brett, 1954) and Sarcophaga (Saunders, 1978) , the phase of the adult eclosion rhythm can be set by light in the first larval instar. In the cockroach Leucophaea, the pacemaker that controls locomotor activity of the nymph is already present several days before hatching (Page, 1990) .
We became interested in the development of the circadian system that is located in the reproductive system of gypsy moth males and controls the daily rhythm of sperm release from the testis. The gypsy moth (Lymantria dispar) is a holometabolous insect in which many adult structures are formed from reorganization of larval tissues and from imaginal discs and histoblasts. Testes grow gradually throughout the larval life while spermatogenesis proceeds inside. At pupation, both testes fuse together and contain maturing spermatozoa in the form of elongated sperm bundles. Attached to the testis is a pair of undeveloped tubes that undergo several mitotic divisions and differentiate into the upper vasa deferentia (UVD), the seminal vesicles (SV), and the duplex during adult metamorphosis. Several days before adult eclosion, sperm bundles begin to descend from the testis into the UVD. In all species of moths so far investigated, the release of sperm does not occur continually, but is precisely timed and follows a daily rhythm (Riemann et al., 1974; Giebultowicz et al., 1988 Giebultowicz et al., , 1992 . Periodic release of sperm appears to be essential for post-testicular maturation of spermatozoa; secretory material that is released from the UVD epithelium at the time when sperm enters the UVD lumen is subsequently incorporated into sperm bundles Giebultowicz, 1991, 1992) .
In gypsy moth males reared at 25°C, the first release of sperm occurs 8-9 days after pupation (Giebultowicz et al., 1988) . Thereafter, about 52 sperm bundles are released each day during the rest of the pupal and the adult stage. In males kept under a light-dark cycle (LD 16:8) , the release of sperm from the testis has two rhythmic components. First sperm bundles descend from the testis into the UVD during the 3-hr gate before lights-off and remain in the UVD for up to 13 hr. Then, again, in a gated fashion, sperm is released from the UVD into the SV, and the UVD remains empty for approximately 9 hr until the next cycle of sperm release begins. Meanwhile, sperm bundles are moved from the SV into the duplex, where daily batches of sperm accumulate until mating. The rhythm of sperm release is controlled by a circadian pacemaker and entrainable by light. The testis-seminal ducts complexes, cultured in vitro, continue to show rhythmic sperm release in constant darkness (DD) and can be entrained by light, indicating that both the pacemaker and the photoreceptor are located within that complex (Giebultowicz et al., 1989) .
Having identified a unique circadian system in which photoreceptor, circadian pacemaker, and the regulated processes are all contained in a highly specialized, sex-specific tissue, we studied the ontogeny of this system. The question we address in the present paper is this: When do the underlying pacemaker and photoreceptor system begin to operate?
METHODS
The gypsy moths (L. dispar L.) used in this study were descended from moths originally collected from a field population in New Jersey, and have been reared in the laboratory for over 30 generations. The insects were reared on a high-wheatgerm diet according to the method of Bell et al. (1981) at 25° ± 0.5°C, in 50-60% relative humidity, and in LD 16:8 with lights-on from 0500 to 2100 hr. Illumination during the photophase was 1250 ± 50 lux. Newly pupated males were collected daily in order to obtain pupae of known ages. Under our rearing conditions, the first release of sperm occurs 8-9 days after pupation, and adult eclosion occurs approximately 6 days later.
To enable us to quantify the release of sperm, the UVD and SV were dissected and separately placed in wells of a culture plate containing Lepidopteran saline (Weevers, 1966) .
The ducts were teased open to free the sperm bundles, which were then counted under a dissecting microscope. The following experiments were conducted.
EXPERIMENT I
To determine patterns of sperm release, we placed groups of newly pupated males in LD 16:8 or in DD. We recorded cumulative release of sperm on days 8-10 after pupation by dissecting 12 pupae from each group at 8-hr intervals. All sperm bundles contained in the post-testicular reproductive tract (UVD, SV, and duplex) were counted in individual males.
EXPERIMENT 2
To estimate pupal age when sperm release could be entrained by light, we placed newly pupated males in LD 16:8 and a control group in DD. On day 5, 6, 7, or 8 after pupation, a number of LD pupae were transferred to DD. To determine the presence of sperm in the UVD and SV, we dissected groups of 10 pupae every 2 hr over a 24-hr period 5 days after the LD-to-DD transfer-that is, 10-13 days after pupation. Groups of 10 control pupae, which were kept continuously in LD or DD, were dissected also every 2 hr, 11 days after pupation.
EXPERIMENT 3
To determine whether a single light pulse could synchronize the release of sperm, we placed newly pupated males in DD. On day 5, 6, or 7 after pupation, groups of pupae were exposed to a single 8-hr light pulse (1200 lux) from 0900 to 1700 hr. An additional group of pupae was exposed to light 7 days after pupation from 2100 to 0500 hr (i.e., 12 hr out of phase with the former groups). To determine the presence of sperm in the UVD, we dissected groups of 8-12 pupae every 6 hr, 5 and 6 days after the pulse.
EXPERIMENT 4
To determine whether a single pulse of increased temperature could synchronize the release of sperm, we placed newly pupated males in DD. On day 5, 6, or 7 after pupation, groups of pupae were exposed to a single 8-hr pulse of a 4°C increase in temperature from 0900 to 1700 hr. An additional group of pupae was exposed to the temperature pulse 7 days after pupation from 2100 to 0500 hr. The presence of sperm in the UVD and SV was determined as in Experiment 3. The pattern of sperm release was monitored in males that had been held in LD 16:8 or DD since pupation. In LD pupae, sperm bundles were first released 8 days after pupation; the number of bundles in the post-testicular reproductive tract increased in a saltatory fashion, once each day before the onset of the scotophase, indicating rhythmic release from the testis (Fig. 1 ). By contrast, in DD pupae, the number of sperm bundles increased steadily at each sampling period. Thus, in the absence of entrainment during the pupal stage, the release of sperm from the testis was not synchronous among the pupae.
EXPERIMENT 2
To determine when during the pupal stage the release of sperm could be synchronized by LD cycles, we transferred LD pupae to DD on different days after pupation, and checked the pattern of sperm presence in the UVD 5 days after the transfer (Fig. 2) . In control males that were kept in DD since pupation, sperm was present in the UVD of most pupae at every 2-hr dissection interval. In LD control males, sperm bundles appeared in the UVD of all pupae within a 4-hr gate before lights-off and remained in the UVD for up to 13 hr. Then, again in a gated fashion, sperm bundles were released from the UVD into the SV, and the UVD remained empty for approximately 8 hr until the next release from the testis. In males that were transferred to DD 5 days after pupation, sperm release was asynchronous, similar to that in the DD controls. In contrast, approximately 50% of the pupae that were transferred FIGURE 1. Sperm release in LD and DD males 8-10 days after pupation. For each point, 12 males were dissected, and the sperm bundles cumulatively released from the testis in each individual were counted. Vertical lines represent standard error of the mean. Black and white bars across the top indicate photoperiod of LD males. 207 FIGURE 2. Pattern of sperm release in males kept in DD, kept in LD, or transferred from LD to DD on day 5, 6, or 7 after pupation. Bars at left indicate photoperiodic history for each group; black portions correspond to darkness. Presence of sperm bundles in the UVD was determined 5 days after LD-to-DD transfer by dissecting groups of 10 pupae every 2 hr within a 24-hr period. DD and LD males were dissected 11 days after pupation; scotophase of LD males is indicated by shaded areas. Data are double-plotted for clarity. to DD on day 6 and most of the pupae that were transferred on day 7 subsequently showed synchronized sperm release, with the phase similar to that of LD controls. Males that were transferred from LD to DD 5, 6, or 7 days after pupation had all spent an equal number of days in DD. Thus, reduced synchrony in sperm release in pupae transferred at younger ages cannot be attributed to greater dispersion of the free-running rhythms.
EXPERIMENT 3
Males were held in DD since pupation and then exposed to a single 8-hr light pulse either 5, 6, or 7 days after pupation. We then determined periodicity in sperm release by dissecting FIGURE 3. Pattern of sperm release in DD pupae that were exposed to a single 8-hr light pulse on day 5 (A), day 6 (B), day 7 from 0900 to 1700 hr (C), or day 7 from 2100 to 0500 hr (D). Presence of sperm bundles in the UVD was determined 5 and 6 days after the pulse by dissecting groups of 8-10 pupae every 6 hr. groups of pupae at 6-hr intervals on the 5th and 6th day after the light pulse (Fig. 3 ). In males that received a light pulse 5 days after pupation, the release of sperm bundles was asynchronous; that is, they were present in the UVD at all sampling points, as in control males kept in DD since pupation (see Fig. 2 ). When the light pulse was administered 6 days after pupation, approximately 50% of males subsequently showed synchronized sperm release during the normal time. Two groups of males received an 8-hr light pulse, starting at either 0900 or 2100 hr, 7 days after pupation. The release of sperm was synchronous in both groups, and the phase of the rhythm was dependent on the timing of light pulses: When light pulses were given 12 hr out of phase, the resulting rhythms were also 12 hr out of phase.
To determine whether temperature could synchronize release of sperm, we exposed DD pupae to a single 8-hr pulse of increased temperature from 25°C to 29°C on different days after pupation. The pattern of sperm release was determined 5 and 6 days after the pulse. As shown in Figure 4 , the release of sperm in pupae that were exposed to a temperature pulse on day 5 was asynchronous, similar to that in control males held in DD since pupation (see Fig. 2 ). When a temperature pulse was applied 6 days after pupation, approximately half of the pupae FIGURE 4. Pattern of sperm release in DD pupae that were exposed to a single 8-hr pulse of a 4°C temperature increase on day 5 (A), day 6 (B), day 7 from 0900 to 1700 hr (C), or day 7 from 2100 to 0500 hr (D). The presence of sperm bundles in the UVD was determined 5 and 6 days after the pulse by dissecting groups of 8-10 pupae every 6 hr. showed synchronous release of sperm. The temperature pulse applied on day 7 after pupation caused synchronous sperm release. The timing of sperm release in pupae that received a temperature pulse from 0900 to 1700 hr was 12 hr out of phase with that in the pupae that received the temperature pulse from 2100 to 0500 hr.
DISCUSSION
In the present research, gypsy moth males kept under LD 16:8 released sperm in a daily rhythm such that sperm appeared synchronously in the UVD of all males, was then moved out, and appeared in the UVD again at the same time the next day. However, in males kept in DD since pupation, the UVD was filled with sperm at all sampling periods, suggesting that the release of sperm from the testis was asynchronous in DD. Alternatively, sperm may have been released rhythmically from the testis, but may have been impaired in its transfer from the UVD to the SV, so that sperm from the previous day lingered in the UVD while the next batch was released. The results of Experiment 1 suggests that sperm was released in asynchronous fashion; that is, sperm release in individual pupae was arrhythmic, or sperm release in individual pupae was gated but not synchronous with other pupae. It is not clear whether the pacemakers cannot be started in the absence of a zeitgeber, or whether pacemakers in individual males are started at random phases once all necessary structures have differentiated.
Our results indicate that the photoreceptor and the circadian pacemaker that control release of sperm in the gypsy moth begin to function approximately 2 days before the overt driven rhythm is first expressed. The first release of sperm occurs 8 or 9 days after pupation. We have demonstrated that LD 16:8, a single 8-hr light pulse, or a single 8-hr temperature pulse failed to induce synchronous sperm release in DD pupae when applied during the first 5 days after pupation. However, each of these signals elicited synchronous sperm release in approximately half of the males when applied 6 days after pupation, and in nearly all males when applied from day 7 onward. The ability of both light and temperature to set the phase of the sperm release rhythm at a certain point during adult metamorphosis suggests that circadian oscillations may begin at this time.
The release of sperm in DD pupae can be synchronized by a light or temperature pulse at about the same stage during adult differentiation. Light presumably acts through a photoreceptive system, whereas temperature has been suggested to act directly on the pacemaker (Minis and Pittendrigh, 1968) . If this is the case, it suggests that the photoreceptive and pacemaker components of the circadian system underlying rhythmic sperm release may develop simultaneously or within a short time of each other. Alternatively, the photoreceptor may be present earlier in the tissues, but its presence cannot be detected unless it is coupled with the clock. Since the testis-UVD complex can be phase-shifted by light in vitro, the photoreceptor must be located within this complex (Giebultowicz et al., 1989) . Light-and electron-microscopic studies conducted so far have not revealed any specialized photoreceptive structures visible at the cellular level. We have begun immunocytochemical studies to determine whether proteins known to be involved in phototransduction are present in the male reproductive system. Attempts to trace the pacemaker back to its origins in multicellular animals have led to the embryo. In the moth Pectinophora, the rhythm of egg hatching can be induced several days before hatching. Both light and temperature pulses can set the timing of egg-hatching rhythm when applied from a specific day of embryonic development onward, but not when FIGURE 5. Scheme of temporal development of the circadian system controlling sperm release in gypsy moth males. applied before that day (Minis and Pittendrigh, 1968) . In hamsters, injections of melatonin administered to a pregnant arrhythmic mother can entrain the pups' locomotor activity rhythm when given late in gestation, on days 12-15, but not when given on days 9-12 (Davis, 1989) . The pacemakers which were analyzed in these studies are presumably located in the brain. In contrast, the pacemaker controlling sperm release is located in the reproductive tissue, which receives no innervation (Giebultowicz et al., 1989) .
Our results indicate that differentiation of adult reproductive structures is accompanied by development of the circadian mechanism, which is subsequently coupled to a driven rhythm of sperm release (Fig. 5 ). This sytem offers two important advantages in investigating the mechanism of the circadian pacemaker: (1) We have determined the time at which circadian oscillation develops, and (2) this development appears to be completed 2 days before the overt rhythm is first expressed. Thus, this pacemaker system can possibly be analyzed without interference from the oscillating driven rhythms. To explore this possibility, we have initiated biochemical studies to identify qualitative and quantitative changes in the pattern of proteins that coincide with the development of the clock.
